Molecular-level and particle-dispersed inorganic-organic hybrids, containing TiO2 as the inorganic compo nent, have been prepared in order to study the effect of the introduced inorganic phase dimension on the structure and properties of the hybrids. The hybrids prepared from silanol-terminated polydimethylsiloxane (PDMS) and titanium ethoxide (Ti(OEt)4) in the molar ratios of Ti(OEt)4/PDMS=1, 2 and 4 were transparent with no visible particles, thus considered as molecular-level hybrids. Inorganic particles of about 50nm in diameter prepared from titanium isopropoxide were dispersed into the molecular level hybrids in the molar ratio of Ti(OEt)4/PDMS=1 to synthesize particle-dispersed hybrids. As a result of differential scanning calorimetry (DSC), increasing the Ti(OEt)4/PDMS ratio in the molecular-level hybrids were found to fix the free PDMS chains more effectively into a three-dimensional network than dispersing particles. The molecular-level hybrids showed a higher Young's modulus and a smaller elongation at break due to the better developed network structure. In the particle-dispersed hybrids, the tensile strength was twice the one without particles. The mechanical properties of the hybrids were found to be affected by the in corporated inorganic phase dimension reflecting the structure of the hybrids.
Introduction Inorganic-organic
hybrids have gained increasing in terest for applications in mechanical, optical, electronic and other fields due to its possibility of combining the properties of both inorganic and organic materials. 1)-5) Due to the hydrolytic stability of Si-C bonds, silicon plays the role to link between the inorganic and organic parts in the hybrids. The inorganic-organic hybrids having only siloxane bonds as the construction unit of the inorganic backbone are call ed organically modified silicates (Ormosils) and extensive studies have been carried out because of their unique mechanical properties. 6)-11) The introduction of metallic elements other than silicon has been performed using molecular precursors such as metal alkoxides, M(OR)n (M: metal, n: valence). 12)-17) Most of the hybrids prepared from molecular precursors are considered to be molecular-level hybrids where an inorganic component exists in a molecular dispersion within a network. 18) Thus, inorganic properties resulting from the inherent nature of the metallic element can be incorporated into the molecular-level hybrids. For ex ample, the refractive index and the dielectric constant of the hybrids are controlled by the electron polarizability of the metallic element. However, inorganic properties at tributed to bulk materials such as ceramics and glasses are excluded in the molecular-level hybrids. Hardness, heat -resistance and other typical properties of inorganic bulk materials are thought to appear when a relatively large number of inorganic molecular species gather to form in organic particles. In order to endow hybrids with inorganic properties arising from bulk materials, it has been proposed that nanoparticles should be introduced into the hybrids to give "Nanomers". 19 FT-IR spectra of the particle-dispersed hybrids. The particle contents are (a) 3mass%, (b) 6mass%, (c) 11mass%, (d) 20mass% and (e) 28mass%. DSC curves of the hybrids with and without particles. The hybrids were prepared in the Ti(OEt)4/PDMS molar ratios of (a) 1, (b) 2 and (c) 4. The particle-dispersed hybrids were prepared by dispersing (d) 6mass% and (e) 20mass% of par ticles in a matrix of the hybrid with the Ti(OEt)4/PDMS molar ratio of 1. 
Results
The hybrids prepared in the Ti(OEt)4/PDMS ratios of 1, 2 and 4 were all transparent. The dispersion of the particles derived from Ti(O-i-Pr)4 into the hybrids prepared in the Ti(OEt)4/PDMS ratio of 1 provided opaque bodies indepen dent of the particle content.
As a result of XRD, inorganic particles derived from Ti(O-i-Pr)4 were amorphous. The TEM observation reveal ed that the diameters of the particles were approximately 50nm. FT-IR spectrum of the particles showed a broad peak around 3500cm-1. Figure1 shows the FT-IR spectra of the particle-dispersed hybrids. The broad absorption peak around 3500cm-1 arising from hydroxyl groups became large with the increase in the particle content.
Figure2 shows the DSC curves of the hybrids in the Ti(OEt)4/PDMS molar ratios from 1 to 4 and the particle -dispersed hybrids with the particle contents of 6 and 20 and elongation at break of the particle-dispersed hybrids as a function of the particle content. The introduction of in organic particles increased the Young's modulus. The ten sile strength of the particle-dispersed hybrid increased abruptly with the dispersion of 6mass% of particles. When further quantities of particles were dispersed, the particle -dispersed hybrids showed an almost constant tensile strength of 1.5MPa. The elongation at break decreased with the increase in the particle content. 
Discussion
The transparency of the hybrids prepared in the Ti(OEt)4/PDMS molar ratios of 1, 2 and 4 indicates that they are optically homogeneous. The inorganic component derived from Ti(OEt)4 in the range of the Ti(OEt)4/PDMS ratio from 1 to 4 has been shown to give transparent hybrids with no clusters or phase separations within the detection limit of TEM observations. 23) Thus, these hybrids can be regarded as molecular-level hybrids. On the other hand, the particle-dispersed hybrids are opaque because the difference in refractive indices between the particles and the hybrid causes scattering of the light.
XRD and FT-IR spectrum of the inorganic particles derived from Ti(O-i-Pr)4 suggests that they are amorphous titanium oxide with a number of hydroxyl groups. The ab sorption peak arising from hydroxyl groups increases with the particle content as shown in Fig.1 , indicating that dehydration of the hydroxyl groups of the particles pro ceeds little during the heat treatment to give particle -dispersed hybrids.
The increases in both the Ti(OEt)4/PDMS molar ratio and the particle content shift Tg to a higher temperature, as shown by the DSC curves in Fig.2 . The glass transition temperature, Tg, corresponds to the temperature where micro-Brownian motion of PDMS begins. Thus, the rise in Tg means that the micro-Brownian motion of PDMS is restrained.
The inorganic component derived from Ti(OEt)4 reacts with silanol groups of PDMS, resulting in the formation of a chemical bond like Ti-O-Si between them. 21), 22) As the molar ratio of Ti(OEt)4/PDMS in creases, a larger number of bonds are formed between the silanol groups of PDMS and the inorganic component deriv ed from Ti(OEt)4 and restrict the micro-Brownian motion of PDMS more significantly, leading to the rise in Tg.
The large heat of crystallization of PDMS and thus melting of the crystals in the hybrid with the Ti(OEt)4/ PDMS ratio of 1 indicates that free PDMS chains which are not fixed by the inorganic component derived from Ti(OEt)4 remain in the hybrid. Such free PDMS chains have ample degrees of freedom to be arranged in a crystalline form. The increase in the molar ratio of Ti(OEt)4/PDMS reduces the number of free PDMS chains by forming a bond between PDMS and inorganic compo nent derived from Ti(OEt)4, decreasing the heat of crystallization and melting. The rise in Tc means that crystallization of free PDMS chains is difficult to occur. The lowering in Tm suggests that the crystals of free PDMS chains readily melt. The reduced temperature region be tween Tc and Tm implies the instability of the crystalline form of the PDMS. As the inorganic content in the hybrid in creases, the crystals are thought to become imperfect , resulting in the narrow temperature region in the crystalline form of PDMS. In the hybrid with the Ti(OEt)4/ PDMS ratio of 4, almost all the PDMS chains are fixed by the inorganic component derived from Ti(OEt)4 to form a three-dimensional network and lose their degrees of freedom, leading to the disappearance of crystallization and melting behaviors.
The the degrees of freedom to be arranged in a crystalline form than that of inorganic particles. Whereas the introduction of molecular inorganic species incorporates free PDMS chains into a three-dimensional network in the molecular -level hybrid, the inorganic particles mainly adsorb free PDMS chains on the surface. Some of the adsorbed PDMS chains may constitute a network, others may just be fixed without forming a network. Thus, the network structure is considered to be better developed in the molecular-level hybrid than in the particle-dispersed hybrid with the same reduced inorganic content. The Ti(OEt)4/PDMS molar ratio affects the mechanical properties of the molecular-level hybrid as shown in Fig.3 . The increase in the Ti(OEt)4/PDMS molar ratio elevates the Young's modulus. The inorganic component in the molecular-level hybrid fixes PDMS chains to form a three -dimensional network. With the increase in the inorganic content, the network becomes better developed, resulting in high Young's modulus. The tensile strength shows no im provement by increasing the Ti(OEt)4/PDMS ratio, in dicating that the increase in the number of bonds between PDMS and the inorganic component derived from Ti(OEt)4 has little effect on the tensile strength. The elongation at break decreases with the Ti(OEt)4/PDMS molar ratio. The decrease results from the difficulties in elongation of PDMS chains due to the development of a net work structure through the formation of bonds between PDMS and the inorganic component.
The mechanical properties of the particle-dispersed hybrids are somewhat different from those of the molecular-level hybrids as shown in Fig.4 . The Young's modulus became higher with the increase in the particle con tent. Two factors are considered for the increase in Young's modulus. One is the presence of inorganic particles of about 50nm in diameter whose Young's modulus is thought to be much higher than the hybrid because of the rigid structure consisting of only inorganic components. The other factor is the increase in the network density through the interaction between free PDMS chains and par ticles although the presence of the crystallization and melting behaviors in the DSC curves suggests that the in crease in the network density is not so progressed as the one in the molecular-level hybrid. The particle-dispersed hybrids with more than 6mass% of particles double the ten sile strength of the hybrid prepared in the Ti(OEt)4/PDMS ratio of 1 that is used as a matrix. The cracks that occur by the tension are thought to progress breaking the network structure. The inorganic particles may prevent the progress of the cracks. It is pointed out that fillers having strong adhesion with the matrix can reinforce elastomers effectively. 25) The interaction of the particles with free PDMS chains in the hybrid is considered to give adhesion between particles and the hybrid to improve the tensile strength. The elongation at break decreases with the parti cle content. The presence of the rigid particles is thought to hinder the elongation at break. The development of a net work through the interaction between PDMS and particles may also make the elongation difficult although the increase in the network density of the particle-dispersed hybrid is suggested to be small by the DSC curves.
In order to reveal the effect of the inorganic phase dimen sion on the mechanical properties, the results in Figs.3 and 4 are summarized in Fig.5 as a function of the reduced con tent of the inorganic component converted into TiO2. Although the increase in the reduced inorganic content elevates the Young's modulus of both the molecular-level and the particle-dispersed hybrids, the molecular-level hybrids show higher Young's modulus than the particle -dispersed ones with the same reduced inorganic content. The development of the network structure by the inorganic molecular species has larger influence on the increase in Young's modulus than the dispersion of rigid inorganic nanoparticles.
Figure5(b) shows that the dispersion of particles is effec tive to increase the tensile strength while the inorganic com ponent introduced at a nano-level has little effect on the im provement of the tensile strength. The inorganic compo nent is found to improve the tensile strength when it is in troduced at a nano-level. The inorganic component introduc ed at a nano-level acts as a kind of filler, resulting in the im provement of the tensile strength.
The molecular-level hybrids show the lower elongation at break owing to the better developed network structure than the particle-dispersed hybrids when the hybrids with the same inorganic contents are compared. The inorganic molecular species can effectively fix free PDMS chains to make a developed network which provides the lower elonga tion. However, the inorganic particles cannot completely fix free PDMS chains of the matrix even at the high inorganic contents as described in the results of DSC, leading to the dull decrease in elongation at break as a function of the reduced inorganic content. Inorganic particles of about 50nm in diameter obtained by the hydrolysis and condensation reactions of Ti(O-i-Pr)4 were dispersed into the hybrid prepared in the Ti(OEt)4/ PDMS ratio of 1. In order to investigate the effect of in organic phase dimension, both the molecular-level and parti cle-dispersed hybrids were regarded as the hybrid prepared in the Ti(OEt)4/PDMS ratio of 1 containing inorganic com ponent expressed as TiO2. The inorganic phase dimension was found to affect the structure and thus the mechanical properties of the inorganic-organic hybrid.
The DSC curves showed that the hybrids with the Ti(OEt)4/PDMS ratio of 1 contained free PDMS chains showing crystallization behavior. As the reduced content of the inorganic component converted into TiO2 increases, the number of free PDMS chains decreases. The inorganic molecular species in the molecular-level hybrid fix free PDMS chains to form a three-dimensional network, reduc ing the number of free PDMS chains. In the particle-dispers ed hybrids, free PDMS chains in the matrix hybrid are thought to be adsorbed on the surface of the particles although some of the free PDMS chains are incorporated in to a network by the interaction with particles. The network structure is better developed in the molecular-level hybrids than in the particle-dispersed hybrids with the same reduc ed inorganic content.
The mechanical properties of both the molecular-level and particle-dispersed hybrids were investigated as a func tion of the reduced inorganic content. With the increase in the reduced inorganic content, the Young's modulus in creased and the elongation at break decreased in both molecular-level and particle-dispersed hybrids. When the hybrids with the same reduced inorganic contents are com pared, the introduction of inorganic molecular species in creased the Young's modulus and decreased the elongation at break more significantly than the dispersion of particles owing to the better developed three-dimensional network. The particles improve the tensile strength while the in organic component at a molecular-level has little effect on the improvement of the tensile strength. The introduced particles may contribute to the prevention against the pro gress of cracks.
